Y (NPY) is far more abundant in the dentate gyrus than elsewhere in the hippocampal formation, but it does not alter the synaptic excitation of dentate granule cells (DGCs) as it does for pyramidal cells in areas CA1 and CA3. NPY inhibited depolarization-induced increases in intracellular Ca*' concentrations ([Ca2+li) 
granule cells (DGCs) (Laatch and Cowan, 1967; Hjorth-Simonsen and Jeune, 1972) . Receptor binding studies indicate that the NPY receptor in the dentate gyrus is mostly Y,, in contrast to the predominantly Y, receptors of areas CA1 and CA3 (Dumont et al., 1990 (Dumont et al., , 1992 (Dumont et al., , 1993 Aicher et al., 1991; Wahlestedt and Reis, 1993) . Despite this, however, no effect of NPY has been observed on synaptic inputs to DGCs or on the passive electrical properties of the DGCs (Klapstein and Colmers, 1993) , with the exception of a single report of a direct excitatory effect (Brooks et al., 1987) . Therefore, a function for NPY and its receptors in the dentate gyrus remains elusive.
NPY inhibits N-type voltage-dependent calcium channels (VDCCs) of vertebrate PNS neurons such as sympathetic C cells, rat myenteric plexus neurons, and rat sensory neurons (for review, see Bleakman et al., 1993; Colmers and Bleakman, 1994) . NPY also inhibits both N-and L-type VDCCs of frog melanotrophs (Valentijn et al., 1994) . In most cases, NPY inhibits the N-type VDCCs by activating a Y, receptor. By contrast, in some nodose ganglion neurons of the rat, NPY potentiates the same N-type VDCC via a Y, receptor that it inhibits via a Y, receptor (Wiley et al., 1993) . NPY also augments VDCCs in rat vascular smooth muscle (Xiong et al., 1993) . Furthermore, NPY often is coupled to intracellular calcium mobilization in neurons and other cell types (Michel, 1991; Dumont et al., 1992; Wahlestedt and Reis, 1993) .
Here we investigated the possibility that NPY acts either to alter intracellular calcium homeostasis [possibly by elevating intracellular Ca2+ concentrations ([Ca"li)] or to modulate VDCCs of rat DGCs. We have found that NPY inhibits N-type VDCCs and reduces activity-dependent Ca2+ increases in rat DGCs, predominantly by activating a Y, receptor.
MATERIALS AND METHODS

Calcium imaging experiments.
Experiments were performed on DGCs in 450 ptn transverse slices of 21-to 30.d-old male Sprague-Dawley rats.
Rats were anesthetized with halothane and decapitated. Brains were removed rapidly and placed in ice-cold saline (4°C). The hippocampus was then dissected from the brain and cut on a Vibratome.
Slices were placed on a polypropylene mesh, submerged, and continuously perfused with saline (23°C) containing (in mM): 124 NaCl, 2 KCI, 1.3 MgSO,, 1.25 KH, PO,, 18 NaHCO,, 2.5 CaCl,, and 10 glucose equilibrated with 95% 0,/5% CO,, pH 7.4. Recordings from DGCs were obtained in the whole-cell patch-clamp configuration (Blanton et al., 1989) Ca2+ levels were calculated from backgroundcorrected images using the ratio method (Grynkiewicz et al., 1985; Tsien, 1989) . Calibration of the indicator was carried out under in vitro conditions using general procedures described previously (Connor, 1986 The slices rested for l-2 hr, and then two slices were triturated in dissociation solution (to which 0.5 mgiml bovine serum albumin was added) through two fire-polished Pasteur pipettes with tip diameters of -500 and 200 pm, respectively.
Cells were placed in a recording chamber and allowed to settle onto poly-r-lysine-coated glass coverslips for lo-15 min before they were washed with a HEPES-based aCSF in a recording chamber placed on the stage of an inverted microscope (Nikon Diaphot, Nikon, Mississauga, Ontario, Canada). Calcium current recording.
Currents were recorded from DGC neurons at room temperature (-22°C) using the whole-cell patch-clamp configuration (Hamill et al., 1981) Figure 1 . The resting [Ca'+], was not altered by the bath application of 1 FM NPY (n = 6). To investigate a possible NPY modulation of Ca*+ influx, we depolarized the soma from -60 mV to 0 mV for 500 msec via the patch pipette. No attempts were made to isolate calcium currents (I,,), and the depolarization produced Na+-and Ca2+-dependent action potentials, which we did not attempt to control. NPY (1 pM) significantly decreased the depol'arization-induced increase in [Ca2+li compared with that in controls (Fig. lC,D) . Washout of NPY partially reversed the decrease (Fig. 1E ). The data from five experiments are summarized in the histogram (Fig. 1F ). NPY (1 PM) decreased the depolarization-induced increase in [Ca2+li to 66.6 ? 2.3% of the control increase in the soma (Fig. 1F ) and to 55.8 + 5.9% of the control increase in the dendrite ( The most likely means by which NPY could inhibit this depolarization-induced increase in [Cazfli are by (1) inhibiting VDCCs directly or (2) reducing the excitability of the DGC, such as by increasing Kt channel activity or decreasing Naf channel activity and thereby the influx of Ca*+. We first tested the hypothesis that NPY inhibited VDCCs of acutely dissociated neurons.
NPY inhibits
voltage-dependent /cas of acutely dissociated DGCs We isolated DGCs acutely from rat hippocampal slices and isolated I,, (as described in Materials and Methods). DGCs were distinguished from other neuronal types by their small round cell bodies (Mody et al., 1989) . Larger DGCs were selected because they usually had a larger Z,,, which also ran down more slowly and recovered more completely from NPY inhibition. DGCs with larger dendrites were also selected because NPY-binding sites are concentrated in their dendrites (Dumont et al., 1990 (Dumont et al., , 1993 Aicher et al., 1991) . Unless otherwise indicated, I,-,s from DGCs were recorded with 5 mM Ca*' in the extracellular solution as the charge carrier and with a pipette solution having low Ca*' buffering (0.1 mM BAPTA with no added Ca*+; see Materials and Methods). Z,,s of these DGCs were typically between 200 and 1000 pA in peak amplitude. The maximum peak amplitudes were elicited with voltage steps from -60 mV to between +.5 and +lO mV.
The Z,, of 42 of 50 acutely dissociated DGCs was inhibited by bath application of 1 PM NPY (Fig. 2) . Not all cells recovered fully from NPY inhibition, and recovery in many cells took several minutes longer than was required for the complete exchange of the solution in the recording chamber. Some cells showed no apparent recovery within the recording period. Recovery of I,, from NPY inhibition was also obscured by the rapid rate of I,-, rundown, despite the presence in the pipette of an ATPregenerating solution (see Materials and Methods). Repeated administration of NPY often resulted in a loss of the ability of NPY to inhibit Z,, (see below).
NPY produced two types of inhibition of I,, in DGCs. First, in a great majority of DGCs (33/45 cells), NPY caused a reversible inhibition of ZCa without an alteration in the time course of Z,, activation ( Fig. 2A) . The second type of I,, inhibition by NPY in DGCs was accompanied by a slowing of the activation time course of I,, (Fig. 2Z3 ). This second type of inhibition was seen less frequently (12/4.5 cells); however, it was often more robust and reversible than the other (Figs. 2B, 3A,C,D) . Peak Z,, in DGCs that showed a clear change in Z,-., time course after NPY application was inhibited by 38.8 + 5.4% (12/45 DGCs), as opposed to L 'fl, NW,,,, 20 "met Time (min) Reis, 1993) . We tested the receptor profile for NPY using [Leu"1Pro34]NPY (Yr-and Y,-selective), NPY,,-,, (Y2-and somewhat Y,-selective), and PYY (Yr-and Y,-selective but not Y,-selective), in addition to the nonselective agonist NPY itself. Figure 3A illustrates the time plot of an experiment in which NPY and the receptor-selective agonists were applied to the same cell. NPY, [Leu31Pro34]NPY, and PYY significantly inhibited the peak I,-,, whereas NPY,,-,, did not (Fig. 3A,B) . In this case, because NPY,,-,, can activate both Y, and Y, receptors (but was inactive here) and PYY was active, NPY must inhibit the ICa of this DGC via a Y, receptor. The current traces show that in this cell, NPY, [Leu3'Pro34]NPY, and PYY slow the activation time course of the Z,, (Fig. 3B) .
Although most DGCs seem to express only Y, receptors (Fig.  3) other DGCs express more than one NPY receptor subtype (Fig. 3C) . In the DGC illustrated in Figure 3C , NPY and all three selective agonists inhibited the Ica. This experiment shows that more than one NPY receptor subtype must be expressed by this DGC, although this protocol did not distinguish whether Y, and/or Y, receptors were present on this cell.
Agonist studies on ICa inhibition are summarized in Figure 30 . I,, was inhibited by between 21.8 and 30.2% by individual agonists; however, there was no significant difference between the (n = 19) and PYY (n = 13) inhibited the I,, in all of the NPYresponsive DGCs on which they were tested.
NPY does not modulate the voltage-dependence of I,, activation
The I,, of these small cells often ran down rapidly, making the construction of a current-voltage relationship of the I,, from a family of voltage steps under several conditions very difficult. To circumvent this problem, we ramped the voltage of the DGC membrane (I',) from -80 to +70 mV over 100 msec (Fig. 4) . The I,, of this DGC was inhibited by NPY with no change in the I',,, range of I,, activation or the V, where I,, reached a maximum (Fig. 4) . This DGC was insensitive to NPY,,-,, (Fig. 4) . NPY (n = 7) [Leu31Pro34]NPY (n = 4) and PYY (n = 3) inhibited I,. elicited by voltage ramps in other DGCs without shifting the voltage range of activation or the V, at which I,, peaked. We did not see an inhibition of voltage-ramped Z,, by NPY,,-,, (n = 2). The I,, of one voltage-ramped DGC did not respond to NPY. NPY inhibits an N-type I,,
We next sought to determine the type of I,, that NPY affected in DGCs. We rarely observed low voltage-activated ZCa in our DGC preparations and, therefore, we used pharmacological inhibitors of high voltage-activated currents to determine the type or types of 42 inhibited by NPY in DGCs. We applied either NPY or [Leu"'Pro34]NPY first in the absence and then in the presence of the L-type I,. inhibitor nimodipine or the N-type I,, inhibitor o-CTX GVIA (3-5 PM). The peak I,, was inhibited by 44 5 6% (n = 9) by w-CTX GVIA and by 23 5 6% (n = 7) by nimodipine. The time plot of Figure 5A The data are summarized in Figure 6 . Figure  5B illustrates that o-CTX GVIA completely occludes the inhibition of ZCa by NPY (n = 7). By contrast, nimodipine did not significantly reduce the inhibitioq of I,, by NPY ( Fig. 5B ; n = 7).
Two factors complicated this observation. First, we observed that the magnitude of I,, suppression by NPY diminishes by 32 ? 10% (n = 8) with the second application of NPY to the same neuron (Fig. 5C) . Because we always first tested the effect of NPY alone, the response ran down, resulting in a systematic underestimate of the inhibition of I,, by NPY in nimodipine.
We therefore corrected the observed value of ZCa inhibition by NPY in nimodipine for the rundown of the NPY response (Fig. 5D,  Corrected) . Second, if NPY does not affect L-type VDCCs, then it should inhibit a greater percentage of the I,, that remains after nimodipine treatment. We therefore predicted the effect of NPY on the nimodipine-insensitive Z,, on the basis of the first effect of NPY and the amount of current inhibited by nimodipine (Fig. 5D , Predicted). There was no significant difference between the two (Wilcoxon signed rank test, p > 0.73), suggesting that there is indeed no effect of nimodipine on the Z,, reduced by NPY receptors in these neurons.
Inhibition of I,, by NPY is Ca*+-sensitive
In experiments on dissociated cells recorded under conditions that favored a moderate resting [Caztli (Ca2+ as the charge carrier and minimal buffering of [Caztli), 42 of 50 DGCs responded to NPY (Fig. 6) . By contrast, under experimental conditions favoring low [Ca2+li (Ba'+ as the charge carrier and strong buffering of [Ca2+li), NPY inhibited the I,-., of only 23% of DGCs (n = 121; Fig. 6 ). In the same cells, the ZBa was reversibly inhibited by at least 15% in 22 of 27 cells tested with the application of 10 PM baclofen (not shown), indicating that another agonist was capable of inhibiting I,, in a much greater percentage of these cells under these circumstances.
DISCUSSION
We report here that NPY inhibits an N-type calcium channel in the soma and dendrites of rat hippocampal DGCs by activating predominantly Y, receptors. This inhibition results in significantly smaller elevations in [Ca2+li during depolarizing electrical activity. To our knowledge, this is the first report of NPY inhibiting an I,-, in the soma of a central neuron, and the first report of NPY inhibiting an I,, by the activation of a Y, receptor. Y,-receptor activation has until now been associated with the activation or potentiation of different physiological processes (Michel, 1991; Wahlestedt and Reis, 1993; Wiley et al., 1993) . Our observations suggest that the role of Y, receptors in the CNS may differ from that in other tissues (Michel, 1991; Wiley et al., 1993; Xiong et al., 1993) .
The imaging experiments did not show the elevation in resting [Ca2+li of DGCs with NPY that we had first hypothesized, but instead demonstrated the inhibition of depolarization-induced increases in [Caztli in their somata and dendrites. We did not observe a change in the holding current during the application of NPY to intact cells in slices, making it unlikely that NPY activates or potentiates a potassium conductance in these cells (Zidichouski et al., 1990; Illes et al., 1993) , in agreement with previous observations (Klapstein and Colmers, 1993) . There was also no evidence of a direct excitatory effect (Brooks et al., 1987) . The simplest explanation for these observations is that NPY inhibits a VDCC in DGCs, and the experiments on the acutely dissociated DGCs support this conclusion.
In the NPY-responsive DGCs to which selective agonists were applied, [Leu3'Pro34]NPY and PYY always inhibited I,,. In contrast, NPY,,-,, was inactive in a majority of NPY-sensitive DGCs.
Because NPY ,3-3h is inactive at Y, receptors, with the highest activity at Y, and less activity at Y, receptors (Michel et al., 1991; Foucart et al., 1993) , it can be concluded that in a majority of DGCs I,, is inhibited via a Y, receptor-mediated mechanism. In DGCs that responded to NPY,,_,,, NPY must be activating more than one receptor, but no single agonist used here is entirely selective for any one receptor subtype (Michel, 1991; Dumont et al., 1992) . The exact combination of receptors present on these DGCs may involve the combination of any two or perhaps all three receptor subtypes. Because'all NPY-sensitive DGCs seem to be responsive to [Leu3'Pro34]NPY and most respond to PYY, we believe that Y, receptors are likely to be present on the cells that also respond to NPY,,-,,.
These observations agree with binding studies showing a preponderance of Y,-binding sites in rat dentate gyrus, with far fewer Y, sites (Dumont et al., 1990 (Dumont et al., , 1993 Aicher et al., 1991) . The present observations are of potential importance because the majority of the NPY binding in rat cortex is Y, (Dumont et al., 1993) .
In most PNS neurons in which it has been studied, I,, inhibition by NPY is mediated by a Y, receptor (Bleakman et al., 1991 (Bleakman et al., ,1992 Wiley et al., 1993) , although in one case, Y, receptors also seemed to inhibit I,, (Foucart et al., 1993 , 1993) . Y,-receptor activation potentiates cu,-adrenoceptor actions in vascular smooth muscle (Zukowska-Grojec and Wahlestedt, 1993) and potentiates L-type VDCCs in vascular smooth muscle (Xiong et al., 1993) . Such Y,-mediated potentiations in Z,-, contrast with the observed Y,-receptor action in the rat DGCs. Our data demonstrate that NPY inhibits an N-type ZCa in rat DGCs. In every case, the NPY-or [Leu"1Pro"4]NPY-mediated inhibition of I,-, was entirely occluded by o-CTX GVIA but not by nimodipine. The amount of I,, inhibited by NPY in the presence of nimodipine, when corrected for the rundown of the response, matches the predicted magnitude of inhibition of Z,, if NPY were to have no effect on nimodipine-sensitive VDCCs. NPY inhibits an N-type current in numerous other cell types (for review, see Bleakman et al., 1993; Colmers and Bleakman, 1994) . As an aside, it is interesting to note that o-CTX GVIA inhibited only 20% of Figure 5 . NPY inhibits an N-type I,, in acutely dissociated DGCs. A, Details of the experiment are as in Figure  3 . The Y, agonist [Leu"'Pro34] the I,, in DGCs isolated from the guinea pig hippocampus (Eliot and Johnston, 1994) compared with the 44% inhibition reported here in the rat, suggesting a substantial species difference in these cells.
In the majority of DGCs studied, NPY inhibited I,, without changing the time course of ica. In -25% of DGCs, however, NPY inhibition of ZCa was accompanied by a slowing of the time course of activation, as has been seen elsewhere (Bean, 1989; Hille, 1994) . Here, NPY did not change the voltage range at which Z,, activated or the V, at which I,, reached a maximum. Previous investigations in other types of neurons have demonstrated that other neuromodulators can inhibit I,-, by two distinct mechanisms, as NPY seems to do in DGCs (Beech et al., 1992; Formenti et al., 1993; Toselli and Taglietti, 1993; Luebke and Dunlap, 1994) . Most of the DGCs here responded to NPY without an apparent alteration in the time course of their Z,,, as others have observed in a proportion of chick sensory neurons (Luebke and Dunlap, 1994). Because of the relative rarity of the altered time course, we did not perform the depolarizing prepulse experiments necessary to distinguish between the two mechanisms (Luebke and Dunlap, 1994) . Additional studies are needed to elucidate the pathways by which the receptor couples to the calcium channels.
Inhibition of I,, in rat DGCs by NPY also seems to be sensitive to [Ca2+li. Recording conditions favoring low [Ca2+li (i.e., high intracellular BAPTA concentrations) greatly reduce the proportion of cells responding to NPY. Only 23% of DGCs responded to NPY when Bazt was the charge carrier and internal Cazt was strongly buffered. However, baclofen reversibly inhibited Z,, in 81% of DGCs tested under the same conditions. When recording conditions were changed to favor higher [Ca2+li, (i.e., low intracellular BAF'TA concentrations), the proportion of DGCs responding to NPY increased to 84%. Recent studies have shown that inhibition of Z,, in neurons is caused by a number of distinct mechanisms (for review, see Hille, 1994) . One such mechanism is sensitive to [Ca2+li. Buffering [Ca2+li to very low concentrations either blocks or reduces the inhibition of I,, by metabotropic glutamate receptors in cultured hippocampal neurons (Lester and Jahr, 1990) and by M, acetylcholine and angiotensin II receptors in rat superior cervical ganglion neurons (SCG) (Beech et al., 1991; Shapiro et al., 1994) . The mechanism of this Ca2+ and BAPTA sensitivity is unknown; 'however, in rat SCG neurons the Ca2+ sensitivity does not involve intracellular stores of Ca2+ (Beech et al., 1991) . More recently, it has been shown in chick sensory neurons that a2 adrenoceptors can activate two pathways that inhibit N-type I,,, one of which does not alter the time course of current activation and which involves protein kinase C (Divers&Pierliussi et al., 1995) . The DGCs here that responded to NPY with a change in ICa activation kinetics had a larger inhibitory response to NPY. One potential interpretation of this observation is that all DGCs responding to NPY possess the pathway that does not alter the activation kinetics, whereas some have, in addition, the pathway that alters the kinetics of I,-., activation.
Although NPY inhibits an N-type VDCC in rat DGCs via the activation of Y, receptors, the biological purpose of this action is not clear. NPY has no evident effect on the synaptic inputs or excitability of DGCs (Klapstein and Colmers, 1993) . The DGCs, however, release not only glutamate but also peptides, particularly dynorphin, which they can release from their dendrites as well as from their terminals (Drake et al., 1994) . The release of dynorphin from the dendrites of DGCs depends on L-and N-type channels (Simmons et al., 1995) . It is tempting to speculate that the release of NPY in the dentate gyrus will inhibit the release of dynorphin and possibly other peptides (Morris et al., 1988; Goodman and Sloviter, 1993) from DGCs. This would tend to reduce the influence of opioid peptides when levels of activity in the dentate gyrus were high.
Alternatively, or in addition, the regulation of Ca2+ influx by NPY could affect the expression of immediate early genes (Morgan and Curran, 1986; Murphy et al., 1991; Ghosh et al., 1994) and/or could act to prevent damaging levels of Ca2+ influx under conditions of elevated levels of excitation.
